Objectives. This study was designed to elucidate the location and mechanism of typical atrial flutter in the transplanted heart.
Activation mapping studies in animal models of atrial flutter and in patients with common or typical flutter suggest that atrial flutter is a macroreentrant rhythm propagating in a counterclockwise direction around or near the venae cavae (1) (2) (3) (4) (5) (6) (7) (8) . For such a circuit to exist, posterior and anterior electrical barriers have to be present. Two lines of conduction block have been identified as part of the posterior barrier. The first is localized in the lateral wall (9, 10) and is related to the crista terminalis (CT) (11) ; the second line of block is the eustachian valve/ridge extending from the inferior vena cava to the coronary sinus ostium (12) . Recent data obtained during activation and entrainment mapping identified the tricuspid annulus (TA) as the anterior barrier of the common atrial flutter (13) .
Although the surface electrocardiographic (ECG) appearance of atrial flutter in transplanted hearts is similar to the F waves observed in common flutter, it is unknown whether the anatomic characteristics of the donor atrium modify the anatomic barrier observed in nontransplanted hearts. The surgical incision in the lateral free wall opens the right atrium of the donor heart from the inferior vena cava toward the right atrial appendage. This incision, connected to the inferior vena cava, forms an orifice that permits the anastomosis to the recipient right atrium (Fig. 1A) . This orifice might create a sufficiently large anatomic obstacle around which macroreentrant excitation could be established, even if no area of slow conduction were present. Another possibility is that this incision, interrupting the continuity of the CT in the lateral wall, may modify the posterior anatomic barrier of the reentry. Even the location of the circuit may change, as demonstrated by Frame et al. (14, 15) . In their Y-like lesion model of atrial flutter, the lesion in the right lateral free wall moved the reentrant circuit to the tissue surrounding the TA. In that model, no area of slow conduction was found.
The aim of the present study was to compare the anatomic barriers of atrial flutter in transplanted and nontransplanted hearts. More specifically, we tried to determine whether atrial flutter in transplanted hearts was a broad counterclockwise reentrant excitation constrained between the TA and the connecting orifice with the recipient atrium, or whether it was just a reentry around one of these two anatomic obstacles with secondary activation of the rest of the atrium. We compared results of entrainment mapping from sites around the TA and the connecting orifice to analyze these hypotheses.
Methods
Patients. Transplant group. From January 1988 to November 1995, 165 patients underwent heart transplantation at our institution. During the hospital stay 15 of these patients had at least one episode of typical or common atrial flutter, defined by a regular atrial rate Ͼ240 beats/min in the transplanted atrium and inverted sawtooth pattern in the inferior ECG leads. The transplant study group consisted of four men and one woman (mean age Ϯ SD 59 Ϯ 6 years) in whom atrial stimulation was performed to terminate the atrial flutter. All five patients were in hemodynamically stable condition and had no evidence of cardiac rejection or ventricular dysfunction by endocardial biopsy or echocardiography.
Nontransplant group. This group consisted of six patients (six men, mean age 64 Ϯ 12 years) with a nontransplanted heart and typical atrial flutter who underwent electrophysiologic study to terminate the flutter or to ablate the cavotricuspid isthmus.
Electrophysiologic testing, electrical stimulation and recordings. The studies were performed with patients in a nonsedated and postabsorptive state after they had given written informed consent. Intracardiac recordings were filtered at 30 to 500 Hz and displayed simultaneously with at least three ECG leads (I, aVF, V 1 ) on a 12-channel photographic recorder (VR-12, Honeywell), at a paper speed of 100 mm/s. In some patients digitized recordings (Bard Electrophysiology) were stored in a computer system for further analysis. Atrial stimulation was performed with a programmable stimulator (UHS-20 Biotronik, Berlin, Germany) set to deliver rectangular pulses of 1-ms duration at twice the diastolic threshold. Multiple 10-s duration synchronized trains of rapid atrial pacing at a constant rate were delivered, beginning at a cycle length 10 ms shorter than the flutter cycle length (FCL). When there was some variability in the FCL (always Ͻ20 ms), pacing started at a cycle length 10 ms less than the shortest FCL. The pacing cycle length was decreased by 10-ms decrements until termination of flutter or the production of a sustained change in the atrial rate. Stimulation at the same cycle length was performed at all sites before proceeding to a faster stimulation rate.
Five patients with and six patients without a transplanted heart were studied. The fluoroscopic appearance of catheter positioning is shown in Figure 2 . A "deflectable halo" catheter (2-mm interelectrode distance, 10-mm interbipole distance; Webster Laboratories) was placed in the right atrium to obtain a complete activation sequence during flutter. A quadripolar deflectable tip catheter, spacing 2-5-2 mm, was used for entrainment mapping from four sites close to the TA at the 1, 5, 7 and 11 o'clock positions in the left anterior oblique projection (C sites in Fig. 1 ) and four sites distant from the TA (D sites in Fig. 1 ). C sites were identified by recording of a large ventricular electrogram or ventricular capture during atrial stimulation. At each C site, the catheter was moved posteriorly to obtain its homologous D site. In the transplant group, D sites were intended to be close to the recipient atrium but not in the scar tissue resulting from the surgical incision. These positions were identified by: 1) presence of normallooking electrograms, 2) low stimulation threshold of donor atrial tissue, 3) absence of significant latency between the stimulus artifact and the atrial electrogram, and 4) recording of a small recipient atrial electrogram. In the nontransplant group, D sites were intended to be at the junction of the septal and posterior walls (1 and 5 o'clock positions) and slightly anterior to the CT (7 and 11 o'clock positions). D positions were recognized by 1) loss or marked decrease of ventricular electrogram, and 2) proximity to the CT, identified by the recording of a double electrogram. Right and left anterior oblique fluoroscopic projections were used to confirm the catheter location. The distal pair of the quadripolar catheters was used for stimulation and the proximal pair for recording; because the distance between both pairs of electrodes was only 5 mm, stimulation and recording were considered to be performed at the same site. We assumed that the difference between the first postpacing interval (FPPI) and the FCL was an index of distance in terms of the conduction time to the flutter circuit.
Definitions and measurements. Entrainment. Transient entrainment was considered to occur when constant fusion was observed during rapid pacing at a constant rate (16, 17) . If fusion was not evident in the surface ECG, it could be recognized when all atrial electrograms were accelerated to the stimulation rate and each stimulus was delivered during an obvious ongoing distant atrial deflection that started before the stimulus artifact. Such atrial deflections depend on the preceding beat as recognized on intracavitary recordings. Therefore, we can assume that the right atrium was being activated by two different activation wave fronts at the pacing rate; that is, fusion was present (18, 19) . If constant fusion was not evident during stimulation at one site, but the entire right atrium was accelerated at the stimulation rate and entrainment had previously been observed from a different site at the same stimulation rate, concealed entrainment was considered to have taken place (7) .
FPPI at the pacing site. FPPI was defined as the interval from the last pacing stimulus artifact to the next atrial electrogram recorded at the proximal pair of the pacing electrode. It was considered an estimation of the distance from the circuit (11, 12, 17, 20) .
Activation sequence. The activation sequence was defined as similar during pacing and during flutter if the intervals between the stimulus artifact and the rest of the local electrograms differed by Յ10 ms from the intervals between the local electrogram recorded at the pacing site and the other local electrograms. The activation sequence was determined during the last stimulus because all electrograms are captured orthodromically.
All measurements were performed from the stimulus artifact to the beginning of the first rapid deflection of local electrograms and during the longest pacing cycle length to avoid decremental conduction.
Statistical analysis. Values are expressed as mean value Ϯ SD. Multiple statistical comparisons were performed by using analysis of variance and the Tukey test when appropriate. A p value Ͻ0.05 was considered significant.
Results
Transplant group (Table 1A) . Recordings obtained along the donor right atrium during flutter showed the activation propagating in a counterclockwise direction in all patients (Fig.  3) . The FCL of this group was 181 Ϯ 15 ms and the longest pacing cycle length (LPCL) with entrainment 160 Ϯ 8 ms. Table 1A shows the differences between the FPPI and the FCL at the stimulation sites. These differences were significantly shorter during pacing from sites close to the TA (C sites); in all these sites the FPPI-FCL interval was Յ10 ms. Likewise, during pacing from sites close to the TA the electrogram morphology and activation sequence remained identical to those observed during flutter (Fig. 4 and 5, top panels) . In contrast, pacing from sites close to the recipient atrium modified the electrogram morphology and the activation sequence (Fig. 4 and 5, bottom panels) .
Nontransplant group (Table 1B) . In this group, the FCL was 230 Ϯ 28 ms and the LPCL 210 Ϯ 26 ms. As in the transplant group, the FPPI-FCL at the interatrial septum was shorter at sites near the tricuspid ring than at separated sites. No significant differences were found when sites close to the TA and to the CT were compared at the lateral right atrium. However, in one case, the FPPI was 20 ms longer at a site close to the TA, whereas at the same position but distant from the TA the FPPI was equal to the FCL (Fig. 6) . . ECG surface leads II and V 1 and nine intracardiac electrograms (IS 1-2 ϭ the low interatrial septum and IS 5-6 ϭ the high septum; HRA ϭ the high right atrium; LRA 1-2 ϭ the high lateral right atrial wall and LRA 7-8 ϭ the low lateral wall; MAP ϭ the pacing and mapping catheter) recorded during pacing with entrainment from the low LRA. Top panel, The pacing site is close to the TA. The FPPI at the stimulation site is equal to the FCL, suggesting that this site belongs to the flutter circuit. The stimuli are delivered when LRA 1-2, 3-4 and 5-6 are being activated orthodromically by the preceding stimulus. Therefore, the right atrium is simultaneously activated by two activation wave fronts. The electrogram morphology and activation sequence are identical during pacing and flutter. Only the morphology of LRA 7-8, which is activated antidromically, changes during pacing; this site is also captured orthodromically by the last stimulus. The dashed lines and the numbers bracketed between < and > signs help to compare the activation sequences showing the time intervals in reference to the last stimulus artifact and to the local electrogram at the pacing site. Unbracketed numbers indicate time intervals between local electrograms. Bottom panel, The pacing site is close to the receptor atrium (RA), which is recorded along with the donor atrium. The FPPI is 50 ms longer than the FCL, suggesting that this point is out of the flutter circuit. The electrogram morphology and activation sequence are clearly different during pacing. The conduction time from the pacing catheter to LRA from 1-2 to LRA 7-8 is short. Additionally, the activation of these sites is simultaneous. These observations refute the possibility that the CT acts as a line of block between the pacing site and the TA. A and V ϭ atrial and ventricular electrograms, respectively.
Discussion
Atrial flutter in transplanted hearts. The endocardial recordings along the right donor atrium showed atrial activation propagating in a counterclockwise direction. Because a circus movement around the connection between both atria or around the TA may produce an activation sequence similar to that we observed, we sought to determine whether the TA or the connecting orifice was the substrate of atrial flutter. We therefore compared the activation sequence and the difference between the FPPI at the stimulation site and the FCL during entrainment from sites close to the TA and distant from it but closer to the receptor atrium. Entrainment from sites close to the TA showed that: 1) the flutter activation sequence was reproduced during stimulation from all sites, and 2) the return cycle or post-stimulation interval was similar or equal to the FCL. However, the activation sequence and electrogram morphology changed when the pacing site was separated from the TA and close to the receptor atrium; moreover, at these points the difference between the FPPI and the FCL was Ͼ20 ms. These data weaken the possibility of a broad reentrant excitation constrained between the TA and the connecting orifice, and they strengthen the hypothesis of reentry around the TA with secondary activation of the rest of the atrium.
Differences from atrial flutter in nontransplanted hearts. According to our data and those of others (6, 7) , common atrial flutter in nontransplanted hearts is a counterclockwise reentrant excitation in the right atrium. In the lateral wall, entrainment mapping suggests that atrial flutter is a broad activation front constrained between the CT and the TA, whereas at the interatrial septum only the sites close to the TA belong to the circuit; these observations are in accordance with data recently reported by Olguin et al. (11) and Kalman et al. (13) . Therefore, we can assume that both transplanted and nontransplanted hearts have the same anterior anatomic barrier, that is, the TA. However, the path of the flutter circuit in the lateral wall is probably different in the two groups.
Although the distance between the surgical incision and the TA in transplanted hearts is shorter than the distance between the CT and the TA in nontransplanted hearts, the FPPI from sites close to the connecting orifice is longer than the FCL. This finding implies that the surgical incision does not have all the functions that the CT has in nontransplanted hearts. The anisotropic characteristics of the CT may play a major role in these differences. Although this structure may create a line of block in the transverse direction, such as with the surgical incision, it is also the fastest pathway in the lateral free wall in the craniocaudal direction. The longitudinal conduction velocity (1.5 m/s) is double that in other atrial fibers (21) , and it has been reported (22) that the intraatrial conduction time from the high to the low right atrium is significantly prolonged after Figure 6 . Twelve right atrial bipolar electrograms (IS 1-2 ϭ the low interatrial septum and IS 7-8 the high septum; LRA 1-2 ϭ the high lateral right atrial wall and LRA 9-10 ϭ the low lateral wall, MAP ϭ the pacing and mapping catheter) are depicted along with ECG surface leads II and V 1 in a nontransplanted heart. Top panel, Entrainment from a site of the LRA close to the TA (a large ventricular electrogram is recorded) at which the FPPI is longer than the FCL. Note that the LRA 7-8 and 9-10 are captured antidromically, whereas the interatrial septum is captured orthodromically. In this case, it was possible to record the local electrograms with the distal (pacing) pair, which permits us to observe that the first rapid deflections are simultaneously recorded with both the proximal and the distal pairs of electrodes. Bottom panel, Same heart during entrainment from a site separated from the TA. The FPPI is equal to the FCL. Format and abbreviations as in Figure 4 .
CT ligation. It is conceivable that during flutter the activation, arriving from the fibers around the TA of the septum, spreads over the lateral wall in a nearly simultaneous fashion around the TA and along the CT. In such a situation, stimuli delivered at any area of the lateral wall between the TA and the CT would have a similar FPPI; occasionally, conduction along the CT may be faster than around the TA (Fig. 6 ). In the transplanted heart, the surgical incision in the lateral wall interrupts the continuity between the CT and the cavotricuspid isthmus; therefore, the only basis for propagation is constituted by the longitudinal fibers surrounding the TA (23) and the transverse fibers of the pectinate muscle. As the conduction velocity in the longitudinal fibers is faster (14) , the FCL will be determined by the conduction through these fibers; consequently, the FPPI will be similar to the FCL only during pacing from sites close to the TA.
CT in the transplanted heart. Although in the low lateral wall, part of the CT may be interposed between the site distant from the TA and the TA, we never observed double electrograms in the lateral wall; moreover, during pacing from this site close to the recipient atrium all the electrograms recorded in the lateral wall near the TA were activated simultaneously with a short conduction time (Fig. 4) . These observations suggest that the existence of an area of block between the pacing and recording sites, similar to that created by the CT in nontransplanted hearts (9) , is unlikely.
Clinical basis. In our series, as in a previous report (24) , atrial flutter was not related to severe allograft rejection. In one patient in our study, atrial flutter was associated with acute respiratory failure and with tricuspid regurgitation due to right ventricular dysfunction, suggesting that in some cases an increase in pressure in the right heart chambers may cause distension of the tricuspid ring and change the electrophysiologic properties of the atrium provoking the flutter. In the remaining patients no clinical explanation for the appearance of arrhythmia was found.
Study limitations. Recording and stimulation were not performed with the same pair of electrodes, and we used a stimulus intensity of double the threshold. Both factors could potentially underestimate the conduction times and FPPIs. However, in normal tissue, these factors are unlikely to result in any significant change because the intervals analyzed represent conduction over distances much longer than those between electrodes or those recruited directly by stimulation.
Conclusions. The observations obtained during entrainment from distant sites suggest that a circus movement around the TA may be the most likely electrophysiologic mechanism of atrial flutter in transplanted hearts. Nevertheless, in nontransplanted hearts, alternative pathways to the TA are possible in the lateral wall.
